[1] Evaporative losses from large water bodies may exceed 20% of water used in irrigated agriculture, with losses from reservoirs estimated at 50% of storage capacity. Prominent among proposed methods to curtail these evaporative losses are various forms of partial covers placed over water surfaces. Studies show that evaporation through perforated covers and from partially covered water surfaces exhibit nonlinear behavior, where rates of water loss are not proportional to uncovered surface fraction and are significantly affected by opening size and relative spacing. We studied evaporation from small water bodies under various perforated covers, extending the so-called diameter law to opening sizes in the range of 10 −5 to 10 −1 m. Contradicting claims concerning effects of openings and their arrangement on performance of evaporation barriers are analyzed on per opening and on per area mass losses. Our results help reconcile some classical findings invoking detailed pore-scale diffusion and simple temperature-based energetic behaviors. For fixed relative spacing, area-averaged evaporative flux density remains nearly constant across several orders of magnitude variations in opening size. For the scale of the experimental setup, we predict relative evaporation reduction efficiency for various configurations of perforated evaporation barriers.
Introduction
[2] Clean water for human consumption and for agricultural production is rapidly becoming a limiting resource affecting daily life in many parts of the world. Various avenues have been considered to deal with water scarcity, including increasing water use efficiency in agriculture, development of new sources of water (desalination; rainfall harvesting) and treatment and reuse of marginal (saline and waste) water. A crucial first step in most scenarios addressing water scarcity is the reduction of water losses especially those due to evaporation from water bodies which, by some estimates, amount to more than 20% of water used in irrigated agriculture [Rost et al., 2008; Gökbulak and Özhan, 2006] .
[3] Water is commonly stored in small reservoirs and behind dams, and by some estimates up to half of water stored may be lost to evaporation [Craig, 2005; Rost et al., 2008] exacerbating the scarcity problem.
[4] The amount of stored water lost to evaporation depends on many factors including atmospheric evaporative demand, size of reservoir and storage method. Numerous attempts have been made to reduce evaporation losses by altering storage design from increasing reservoir depth, to installing windbreaks or covering reservoir surface [Brown, 1988; Craig, 2005] . Different types of covers are available which differ by their relative effectiveness and economic viability: chemical monolayers, floating covers and shade structures [Cooley and Myers, 1973; Cooley, 1983; Craig, 2005] . Most of these methods provide partial cover of the water surface. Since evaporation from free water surface occurs at its potential rate, to a first approximation, one would expect evaporation losses to be proportional to the evaporating area, and consequently water saving would be proportional to percentage of covered area [Cooley, 1970] . Adequate estimate of partial cover efficiency is therefore a key element to economic and engineering aspects of cover design. Notwithstanding the importance of the problems, literature on effects of partial cover of water surfaces on evaporation is scarce and the efficiency of the different types of covers remains an open question [Craig, 2005] .
[5] In analogy with evaporation from plant leaves, a perforated artificial cover placed over free water surface would affect both heat and mass exchange and thus resulting in nonlinear relationship between covered surface percentage and realized evaporation suppression. Idso [1981] estimated that introduction of vegetation cover over surfaces of extensive water bodies could lower evaporation rates. However, he also stated that for clear and deep lakes, evaporation in summer could be higher in a partially covered lake surface due to effects of surface cover on thermal regime and temperature distribution with depth in the water body.
[6] Albeit at a much smaller scale, plant leaves contain natural partial surface covers in which transpiration takes place through stomata. Stomata are biologically controlled openings distributed over leaf surfaces; evaporation from partially covered surfaces is pertinent to better understanding of the physical aspects governing plant transpiration. Stefan [1881] pioneered research on diffusion from multiperforate septa and membranes. For a circular evaporating surface surrounded by nonevaporative area, Stefan [1881] (as cited by Bange [1953] and Ting and Loomis [1963] ) has shown that diffusion streamlines are hyperbolas where surfaces of equal vapor concentration are semioblate spheroids (Figure 1) , and that the evaporation rate (ignoring convection) is proportional to the radius of the evaporating surface (the so-called Stefan's diameter law [Bange, 1953] ). Pore diffusion was intensively studied [Brown and Escombe, 1900; Bange, 1953; Ting and Loomis, 1963; Cooke, 1967; Parlange and Waggoner, 1970; Petty, 1987] , often based on concepts of diffusive resistance to establish relationship between diffusive flux and pore/stoma diameter. Various analyses address the role of pore shape on diffusive fluxes; details are found in works by Cooke [1967] and Parlange and Waggoner [1970] .
[7] The potential for diffusion interference between neighboring pores/stomata was addressed by various authors; however its impact remains a subject of debate. Lord Rayleigh [1945] indicated that interference between neighboring pores should result in a reduction of the diffusive flux from each pore whereas the total flux from the entire membrane would increase. Fabrikant [1985] provided a mathematical solution that considers the impact of interference between neighboring holes on diffusion fluxes. According to his solution, the diffusive flux through each of a pair of identical holes is lower than a flux through an isolated (similar in size and shape) hole, and the flux would decrease as neighboring holes are brought closer to each other, up to a maximal reduction of 25% when they are placed adjacent to each other. A recent study by Holcman and Schuss [2008] on diffusion through a cluster of perforations through impermeable biological cell membrane has shown that moving two holes apart increases the total diffusive flux by nearly 50%, twice the estimate of Fabrikant [1985] . These results support the trend suggested by Lord Rayleigh [1945] . In terms of resistance to diffusion, it was suggested that when the pores are sufficiently close, an additional resistance component resulting from formation of an "adhering layer" should be considered [Bange, 1953; Parlange and Waggoner, 1970] . This is in contradiction with results indicating that presence of neighboring stomata reduces the resistance to diffusion of each pore [Cooke, 1969; Petty, 1987] , or increases its permeability [Prager and Frisch, 1975] . Such apparent contradiction stems from the fact that these studies did not address directly the flux issue. As diffusion interference affects primarily concentration gradients, the suggested increase in permeability may still result in diffusive flux reduction at the pore level, as discussed above [Fabrikant, 1985; Holcman and Schuss, 2008] .
[8] The distance between pores for which diffusion interference effect becomes negligible remains debatable. At the limit, a pair of holes would no longer interact at infinite spacing [Fabrikant, 1985] . However, Petty [1987] estimated that the permeability of a pore in a membrane is very nearly that for an isolated one at 20 diameters spacing. Brown and Escombe [1900] concluded that there is no interference to diffusion through perforated membrane when pores are spaced more than 10 diameters apart. Ting and Loomis [1963] showed that diffusion interference intensity is pore size dependant, decreasing with increasing pore diameter. They reported that water vapor diffusion from a pore in a perforated membrane with pores spaced 10 diameters apart was no more than 65 to 70% of the diffusion through an isolated pore of similar diameter, thereby refuting the conclusions of Brown and Escombe [1900] . We note however, that as far as we could judge from their photographs of the perforated plates [see Brown and Escombe, 1900, Figure 1 ], the pores in their perforated membranes were spaced only 5 diameters apart. Based on their estimates of diffusive resistance, Parlange and Waggoner [1970] evaluated that interstomatal interference becomes negligible for spacing larger than three times stomatal length, irrespective of stoma shape.
[9] Ting and Loomis [1963] have demonstrated the validity of the so-called "diameter law" for diffusion from pores as small as 20 mm. It is unclear whether such "diameter law" remains valid for larger scales of practical relevance for reducing evaporative loses from reservoirs which is of great importance for engineering and economic viability of partial covers. This paper investigates the effect of partial cover of water surfaces on evaporation at the millimetric to decimetric scale, intermediate between the stomata and the relatively large natural or artificial water reservoirs. The specific objectives were (1) to check the validity of the diameter law at that scale, (2) to consider the energetic aspects of evaporation under partial cover, (3) to propose a model that allows predicting the effect of partial cover on evaporation, and (4) to evaluate effects of interference between neighboring holes on evaporation rates and amounts.
2. Theoretical Considerations: Effects of Partial Cover on Evaporation 2.1. Diffusivity Aspects
[10] The field theory approach and Cooke's [1967] analysis provide the mathematical framework for quantifying diffusion through an isolated opening/pore/stoma with circular cross section of radius a through an impervious layer covering a water surface. The governing equations are the first diffusion equation [Fick, 1855] 
and the continuity equation
where J i is the vector field of water vapor flux per unit area, C, vapor concentration, D w , water vapor diffusivity, and t, denotes time. A constant concentration of water vapor in space and in time, C o , exists across the surface area of the opening, and a constant value for D w is assumed. For steady state conditions (r 2 C = 0) and considering axial symmetry, equations (1) and (2), expressed in cylindrical coordinates are given as
where r is the radial distance from the center of the opening at r = 0, and z its elevation above the surface at z = 0. Analytical solution of equation (3) was presented by Cooke [1967] , where an interesting result in terms of the gradient of C with respect to z, @C @z , which determine the diffusive flux, has been obtained. Expressed in absolute values, @C @z increases from a minimum value at r = 0 toward a maximum at the edge of the opening, r = a, where it then drops abruptly to 0, in accordance with boundary conditions of no flux at the impervious cover layer. This suggests that the largest contribution to total diffusive flux from a small opening comes from its perimeter. This total flux discharge rate, Q, estimated by the integration of J over the area of the hole, s = pa 2 , is defined by
and estimated, following Cooke [1967] , by
Equation (5) indicates that Q is related to the radius of the circular opening, a, rather than to its area, s (hence the notion of a "diameter law"). A similar solution was proposed by Birdi et al. [1989] for evaporation rate from sessile water drops.
Energy Balance for Evaporation From Partial Covers
[11] Evaporation from a free water surface involves heat and mass exchange with the air above. Thus, the rate of evaporation depends on (1) the rate at which water molecules diffuse or are transported away from the surface and (2) the rate of energy supply to the interfacial region. Consequently, partitioning of available energy in a given system is defined by the mass flux due to evaporation and associated heat flux.
[12] Consider evaporation from a free water body of surface area, S [L 2 ], exposed to ambient air. Typically, steady state conditions develop rapidly where air temperature, T a [], surface water temperature, T w [], and mass flow rate of evaporating water, m [M T
−1 ], become constant. For a control volume of unit area considering a vapor layer between the water surface at T w and the ambient air at T a , the energy balance at steady state is given by
where " is the rate of change of the energy of the control volume over time [M T −3 ], q is the rate of energy (heat) transfer from the surroundings [M T
−3 ], and h i and h e [L 2 T −2 ] denote the specific enthalpy at the inlet and the exit of the control volume. Defining the evaporation rate,
and applying the definition of enthalpy for ideal gases [Moran and Shapiro, 1988] , the energy balance in equation (6) results in
with r [M L −3 ] and c p being the density and specific heat capacity of water vapor (L 2 T −2 −1 ], respectively. [13] Consider now a partial cover over the water surface such that the evaporating surface is S c = aS, with 0 ≤ a ≤ 1. The energy balance at steady state for a similar control volume is
where E c [L T −1 ] refers to the evaporation rate per unit of evaporating area (E c = m c S c ). For a system where the ambient conditions are not significantly affected by the evaporation process, q c = q, and equation (9) is written as
leading to the following relationship for ratio of evaporation rates from partially covered versus uncovered water surface given as
[14] When heat advection could be ignored, we may consider evaporation from a free water surface as occurring at potential evaporation rate, E pot [L T
−1 ] [Parlange and Katul, 1992; Assouline et al., 2008] with various analytical and empirical tools being available for estimating E pot [Brutsaert, 2005] , and for the uncovered surfaces we take, E pot = E. Even when partial cover affects E, such that E c ≠ E, the corresponding mass flow rate, m c = r E c S c , can still be expressed as a product of E and a corresponding effective evaporating area, S e , namely, m c = r E S e . Consequently, S e S c = E c E , with S e being estimated using equation (11):
[15] The mathematical solution of the diffusion problem presented previously [Cooke, 1967] was derived based on field theory capitalizing on analogies with similar problems involving Laplace's equation, and in particular, the problem of heat diffusion through a perforated plate. Thus the overall heat flux from an opening is related to its radius (as in equation (5)). From heat flux considerations one may assume that
Therefore, equations (12) and (13) lead to
Thus the relationships in equations (13) and (14) provide an alternative physical explanation, based on energy balance considerations, to the result of Cooke [1967] shown in equation (5):
3. Diffusion From Dome-like Vapor Concentration: An Approximate Model for S e
[16] Stefan [1881] deduced that diffusion flux lines from an opening in an impervious cover are not parallel but rather hyperbola-like, inducing semioblate spheroidal structure enclosing equal vapor concentration surfaces [Bange, 1953; Cooke, 1967; Parlange and Waggoner, 1970; Petty, 1987] . A sketch based on Figure 2 of Cooke [1967] is depicted in Figure 1 . The vapor pressure gradient normal to the surface is largest at the perimeter of the opening, illustrating the reason for Q(a) relationship in equation (5) (or the "diameter law") . It was suggested that this structure is valid only for still air or very low wind velocities [Bange, 1953] . However, evidence suggests that diffusion lines from openings would remain unchanged even under a large range of wind regimes [Troyer, 1980] . We may thus assume existence of a dome-like shape characterizing equal vapor concentration surfaces, and in particular, the evaporating surface. Consequently, evaporation from partial surface cover takes place from an effective evaporating surface, s e (represented by the surface area of that dome structure) for each opening of area s c . A schematic representation of this conceptual model is depicted in Figure 1 . The surface of the dome is expressed analytically both for single openings and when overlap takes place in the case where the openings are close enough to each other.
[17] The structure is defined in Figure 1 in terms of dome height, d, size of the opening, 2a, and distance between two openings, 2A. For the single opening case, a þ d 2 À Á ≤ A, the dome surface, s e , is given by
In the case where neighboring openings induce some overlap between the dome structures, a þ d 2 À Á > A and the surface becomes then
with l is the distance (normal to the surface) from the impervious cover to the intersection between the overlapping domes.
Experimental Setup and Methodology
[18] A series of experiments were conducted in a laboratory from November 2008 to November 2009 at Bet Dagan (Israel). The experimental setup consisted of two identical vessels (0.36 × 0.36 × 0.1 m), installed at the same level and few centimeters apart on two identical scales (Shekel Electronic Scales, Ramat Gan, Israel). The vessels were filled with tap water to the rim, and the surface water of one vessel was partially covered with a perforated floating cover made of black polypropylene structured sheets. A large fan, pulling air upward, was installed 0.2 m above the two vessels. Air temperature and relative humidity below the fan were measured by means of a Cu-W thermocouple and a psychrometer. The water temperature at the vicinity of the surface was measured by a Cu-W thermocouple. A schematic representation of the experimental setup is presented in Figure 2 (top). All the measuring devices were connected to a data logger (CR-21X, Campbell Scientific, Logan, Utah) and sampled every 10 min. The rate of water mass losses by evaporation from the vessels, m and m c , were computed accordingly for each case based on measured weights of covered (subscript c) and uncovered vessels.
[19] A constant number of n = 25 equally distributed square openings were cut into the polypropylene sheet (termed as the "distributed" partial cover case), and different evaporating areas were obtained by varying the size of the openings, a, and their spacing, A. The different relative evaporating areas, a = S c S , studied were 0.036, 0.094, 0.191, 0.326, 0.498, 0.594, 0.688, corresponding to a relative cover in the range between 96% to 31%. To investigate the impact of the openings distribution on the evaporation, similar relative evaporating areas were obtained by cutting only one square opening in the center of the polypropylene cover (termed as the "single" opening case) (Figure 2, bottom) .
[20] In the setup described above, the distance between the openings, A, decreases as their size, a, increases. Therefore, the effect of opening size is also affected by variable spacing. To isolate the effect of the size, different openings, with a varying from 0.15 cm to 1.0 cm in size, were cut into the polypropylene sheet to obtain a constant spacing (1, 3, 5, 7, 10), were prepared. Evaporation measured for perforated evaporation barrier floating on the water surface as in the precedent cases described as "evaporation condition. " Ting and Loomis [1963] have checked the validity of the "diameter law" across a range of pore sizes using perforated membranes installed 12 mm above the water surface where diffusion through the perforated membrane was the primary transport mechanism. To examine the validity of the "diameter law" beyond the stomata size scale under similar conditions, the diffusion from the different evaporation partial covers (constant size at different spacing and different sizes at constant spacing) was measured also for cover positioned 12 mm above the free water surface (decoupled from the water surface). We thus have used the term "diffusion condition" to represent this situation and to distinguish it from the "evaporation condition" described above. Each experimental pair (covered versus uncovered vessels) was tested for different cover conditions for 48 to 96 h. Data were analyzed with respect to the theoretical and modeling approach described above. In some of the runs, especially the long ones, the psychrometer dried out during the measuring period and failed to provide proper air relative humidity for the last part of the measurement period.
Results and Discussion

Effect of Partial Cover on Evaporation
[21] The cumulative water loss mass, M c = R t m c dt, from covered surfaces versus cumulative water loss mass, M = R t mdt, from uncovered surfaces, for three relative evaporative areas is depicted in Figure 3 . A constant M is consistently lower for the single opening than for the spatially distributed ones.
[22] The ratios m c m for the single and distributed openings scenarios are presented in Figure 4a as a function of relative evaporating area, a = S c S . In the experimental setup, the total surface area for the covered and uncovered vessels, S, is identical. Therefore, the ratio m c m is equal to the ratio of the mean evaporation rates over the total area of the vessels, [23] The ratio of evaporation rates per unit of evaporating area, S , for both the distributed and the single cases. This result suggests that partial cover of an evaporative surface does not induce a reduction in water loss in proportion to the relative covered area (at the scale of the experimental setup in this study).
[24] During the experiments, the two vessels were exposed to practically the same ambient environment in terms of air temperature, relative humidity and wind regime, with potentially a slight change in vapor pressure deficit due to minute differences in water surface temperature. Nevertheless, for S c S values lower than 20%, we observed E c E considerably larger than unity in the range of 5 > E c E > 2.
[25] The "diameter law" [Stefan, 1881; Brown and Escombe, 1900; Bange, 1953; Cooke, 1967; Parlange and Waggoner, 1970; Petty, 1987] Figures 4a and 4b , where the dotted lines representing the "diameter law" fit the data quite well.
[26] The simplified conceptual model for formation of dome-shaped vapor gradient suggests that evaporation under partially covered water surfaces occurs from an effective (15)). We applied this model with results depicted in Figures 4a and 4b (thick solid and dashed lines for the distributed and single cases, respectively). For the given set of opening sizes in the experiment, computed curves fit quite well the experimental data. Only one fitting parameter, the height of the dome, d
(equation (16) and Figure 1) , was used to obtain the observed agreement between model and data.
Energy Balance and Thermal Effects on Evaporation From Partially Covered Surfaces
[27] The analysis of the system in terms of energy balance that led to the theoretical estimates of the impact of partial cover on m c m (equation (15)) was based on the assumption that the evaporation process does not affect significantly the environment of the experiment (equation (10)). The measured mean differences between air temperature above partially covered and uncovered evaporating surfaces, DT = (T ac − T a ), and relative humidity, DRH = (RH ac − RH a ), support this assumption exhibiting very limited effects ( Figure A1 in Appendix A).
[28] Energy balance considerations for the impact of partial cover on evaporation yield proportionality between m c m and (15)). The difference in water-air temperatures (T w − T a ) for covered and uncovered evaporating surfaces was measured during the experiments. The rates of evaporation mass loss ratios, (15)) and thus supports the analysis and underlying assumptions.
[29] The experiments resulted in a unique linear relationship, independent of the spatial distribution of the openings in the cover, linking vapor dome height with opening size ratio, d a (see Figure 1) , and the thermal factor:
Þ , as depicted in Figure 6a . Similarly, one could also relate 
Effect of Interopening Spacing on Evaporation and Diffusion
[30] The results presented above may be used to address the question of interference between neighboring openings. Interopening spacing in this study is represented by the ratio A a (Figure 1 ). We note, however, that for the experimental conditions, interopening spacing A decreases with the increasing opening size, a, hence, only the combined effect of both opening size and spacing can be investigated. The resulting interference due to combined effects of opening size and spacing on m c m is depicted in Figure 7a . As m is practically unaffected by spacing, indicating that interference is minimal for interopening spacing in the order of 10 times the size of the opening, in agreement with the 10 diameters spacing rule of Brown and Escombe [1900] . It is also clear from Figure 7a that the suggestion of Parlange and Waggoner [1970] that interference effects vanish for A a > 3, is not valid for opening sizes and spacing used in this study.
[31] The combined effect of opening size and spacing on E c E depicts an opposite and nearly linear trend (Figure 7b ) where
E steadily increases with increasing A a , at a higher rate for the distributed openings than for the single one. It is evident from Figure 7b that the 10 diameters spacing rule of Brown and Escombe [1900] does not apply when the variable under consideration is the evaporation rate per unit of evaporating area, E c . [32] To isolate the impact of spacing from the combined interference effect discussed above, the effect of spacing for fixed size opening of 10 mm, corresponding to a = 5 mm, was investigated. We illustrate this for a perforated cover floating on water surface (termed "evaporation condition") and for the same cover placed 12 mm above the water surface (termed "diffusion condition"). Different
Effects of Spacing and Opening
A a values ranging from 1 to 10 were considered for both conditions. The results in terms of the relative evaporation rate per unit of evaporating area, E c E , are depicted in Figure 8a . For both the evaporation and diffusion scenarios, E c E increases with increased spacing, however, the trends for these scenarios are different. For the diffusion scenario, (11) and (13) and Figure 4b ).
Therefore, to deduce the net effect of spacing, one should correct for these inherent relationship. We define an experimental interference index as the ratio of
to correct results in Figure 8a for the variable cover ratio. The resulting index is plotted versus A a in Figure 8b . Interestingly, the results suggest that for the "diffusion scenario" (suspended cover), a significant net interference due to spacing exists only for A a ≤ 3, as suggested by Parlange and Waggoner [1970] . A somewhat different behavior characterizes the "evaporation scenario" (floating cover) where an interference effect, opposite in trend, seems to be detectable for 3 ≤ A a ≤ 9. We note that such correction for variable partial cover ratio was not considered in previous studies dealing with interference between neighboring openings. Consequently, their results represent only "apparent" interference trends biased by the inherent effect of cover ratio. The limited results in Figure 8 shed new light on the interference problem that may explain the origin of conflicting results (and debate) reported in the literature. 
Opening Size Effects
[34] The impact of opening sizes was investigated for a constant relative spacing of (Figure 9a ). Diffusion conditions (suspended perforated cover) yield consistently higher rates than for evaporation scenario with floating perforated cover. The gap between the two scenarios increases with a. In terms of E c E (Figure 9b) , it is interesting to note that for a > 5mm, one can practically assume constant Figures 10a and 10b , where data of Ting and Loomis [1963] for diffusion from perforated plates are also presented (empty symbols), provide additional insights into the scale effect related to evaporation from perforated covers. To provide a comparative basis, the results are presented in terms of m* c m in Figure 10a and Figure 10b . The corresponding values of m and E during the experiments of Ting and Loomis [1963] were not reported. Therefore, their data were presented relative to the mean m and E values in our experiments. Since Ting and Loomis [1963] conducted their experiments in a dry room, our mean m and E values, respectively 28.8 ± 6.0 g/h and 0.222 ± 0.047 mm/h, should be similar to their experimental conditions. In Figures 10a  and 10b , data from evaporation are represented by black symbols, data from diffusion, by gray symbols, data from single openings by triangles, and data from distributed openings by squares and dots, squares corresponding to experiments with constant spacing ( A a = 5).
[36] Independently of cover conditions or spacing, m * c m increases steadily with opening size (Figure 10a ). Diffusion conditions (suspended cover) seem to induce higher mass loss rate per opening relative to lose from similar evaporation scenario (floating cover). Similarly, for a given opening size, m* c m for a single opening is higher than when the opening has neighbors. This is in agreement with previous findings presented in section 1, although the large difference depicted in the data of Ting and Loomis [1963] seems to reduce with increasing a.
[37] The relative evaporation rate per unit of evaporating area, E c E , presents more complex behavior (Figure 10b ). The general trend is that E c E decreases with increasing a. Under evaporation conditions, higher rates are obtained for single openings than for distributed ones at similar sizes, as in Figure 10a , and in agreement with previous results [Lord Rayleigh, 1945; Fabrikant, 1985; Holcman and Schuss, 2008] . This apparently is not the case for the diffusion conditions where an opposite trend is depicted. For similar opening sizes, E c E is higher for distributed openings than for single ones, in contrast with the results of Ting and Loomis [1963] that investigated much smaller opening sizes. It seems that evaporation rates steadily decrease as the opening sizes increase for the single openings case while rates remain practically constant when the openings are spatially distributed. This can be shown also in Figure 11 where the data are depicted in terms of relative mean evaporation rate from the total area of the system E Ac E , where E Ac = m c S = aE c . There is some interest in considering the mean evaporation rate E Ac which represents the actual rate of water loss per unit area from each system because all partially covered systems, such as leaves, perforated membranes or small reservoirs, have a finite total area. The results in Figure 11 show a strong effect of a on Figure 11 ), dE Ac da remains practically constant and independent of a, for both either diffusion or evaporation conditions (squares). This last observation indicates that spacing is more important than opening size in Figure 11 . The relative mean evaporation rate from the total area of the system, E Ac E , as a function of a for the different cover conditions under evaporation and diffusion conditions. Symbols are as in Figure 10 . characterizing effects of interference between neighboring openings on evaporation from perforated covers.
Conclusions
[38] Evaporation and diffusive water vapor transfer to the atmosphere from a perforated membrane is characterized by a "diameter law" [Stefan, 1881; Brown and Escombe, 1900; Bange, 1953; Cooke, 1967; Parlange and Waggoner, 1970; Petty, 1987] . This law was established primarily from studies of diffusion of carbon dioxide and water vapor through stomata of leaves and pores in perforated septa or membranes at the 10 −6 m up to the 10 −3 m scale. Ting and Loomis [1963] stated that "diffusion alone thus seems to follow the diameter law more closely than the combination of evaporation and diffusion from a free water surface" [Ting and Loomis, 1963; p. 866] . The new experimental results presented here indicate that this law applies also to evaporation from free water surfaces, where it remains valid even at the 10 −1 m scale thus spanning more than 5 orders of magnitude from stomata sizes for which it was postulated. Interestingly, energy balance considerations adopted in this study (equation (15)) also yield a "diameter law."
[39] Considering simple geometry of "dome-shaped" vapor pressure gradient around an opening through diffusion barrier [Stefan, 1881] , provides a simple model that defines an effective evaporating area, S e , larger than the projected evaporating area on the surface, S c . Unique relationships between the dome geometrical characteristics, the air and surface water temperatures and the relative evaporation fluxes confer predictive ability to the model.
[40] The effect of combined interference due to opening size and spacing depends on the evaporation variable considered, and can present therefore opposite trends. Increasing the ratio A a decreases the "raw" measurable quantity of mass loss rate from the system m c , while it increases the evaporation rate per unit of evaporating area, E c . The 10 diameters spacing rule, suggesting that interference effects vanish when distance between neighboring openings is greater that 10 times their size [Brown and Escombe, 1900] applies to evaporation mass flow rates, m c , or mean evaporation rate from the total area, E Ac , but not to evaporation rates per unit of evaporating area, E c . This rule seems to remain valid for an increase of several orders of magnitude in the scale of the system.
[41] For given relative covered areas, distributed small openings results in higher water loss rates than from equivalent large single openings. Experiments for diffusion conditions (cover suspended above water surface) produced higher water loss rates per opening than standard evaporation conditions (floating cover). The effect of opening size on mean evaporation rate from distributed openings at constant spacing is reduced, in some cases, orders of magnitude less than the corresponding effect on single openings. However, it seems that spacing is more important than opening size in characterizing effects of interference between neighboring openings on evaporation from perforated covers.
[42] This could have some practical implications for evaluating evaporation from perforated covers where openings differ in sizes. These results were obtained for the intermediate opening scale between stomata in leaves and holes in partially covered reservoirs. The observed dependency might also reflect impact of system size on energy balance components, especially on the heat storage component.
[43] Contradicting statements regarding effects of perforated partial covers on evaporation losses are elucidated where we differentiate between total mass loss rates and per hole area evaporation rates-these two (often confused) quantities exhibit opposite trends with increasing partial surface cover. Simple modeling approach enable prediction of partial cover efficiency in suppressing evaporation based on opening geometry supplemented by simple thermal measurements. Additional studies are needed to address issues related to upper bounds on the "diameter law" as well more rigorous study of energetic of partial covers.
Appendix A: Air Temperature and RH Variations With Different Covers
[44] For each of the runs, the mean value of the difference between air temperature in the covered and uncovered cases,DT = (T ac − T a ), and relative humidity, DRH = (RH ac − RH a ), were computed. The results are depicted in Figure A1 . One can see that a slight increase in T a (DT a < 0.35°C) corresponding to a small decrease in RH (DRH < −5%) were observed when the water surface was covered. Consequently, one can conclude that, under the conditions of these experiments, partial cover of the water surface has not affected significantly the environment above the evaporating system. Figure A1 . The measured mean differences between air temperature, DT = (T ac − T a ), and relative humidity, DRH = (RH ac − RH a ), for evaporation from partially covered and uncovered surfaces.
